Background and Aims Asarum caudigerum (Aristolochiaceae) is an important species of paleoherb in relation to understanding the origin and evolution of angiosperm flowers, due to its basal position in the angiosperms. The aim of this study was to isolate floral-related genes from A. caudigerum, and to infer evolutionary relationships among florally expression-related genes, to further illustrate the origin and diversification of flowers in angiosperms.
INTRODUCTION
The flower is the most important organ in the growth and development of plants. From an evolutionary standpoint, it has long been a predominant source of characters for angiosperm taxonomy. In over 250 000 angiosperm species on Earth today, the flowers come in a wide variety of sizes, shapes and colours (Thorne, 1992; Irish, 2003) . Despite the diversity of their forms, flowers in general have a very simple and regular organization. Flowers arise from a florally determined meristem, whose cells proliferate to form the floral organs. Typical angiosperm floral organs consist of sepals, followed by petals, stamens and, last, carpels, each of which have been interpreted as modified leaves (Meyerowitz et al., 1989; Pelaz et al., 2001; Ditta et al., 2004) . These floral organs are developed from homeotic genes, and they are expressed in floral organ primordia. Many of these homeotic genes are from the MADS-box gene family, which encode transcription factors (Weigel, 1998; Theissen et al., 2000; Theissen, 2001; Becker and Theissen, 2003) .
It has been recognized that the parts of floral organs in a typical eudicot flower are regulated by A, B and C class genes; thus the ABC model was proposed according to this theory (Bowman et al., 1991; Coen and Meyerowitz, 1991) . The model indicates that floral organ identity is established by overlapping functions of three classes of gene activity: A alone determines sepal identity; A and B together determine petal identity; B and C together determine stamen identity; and C alone determines carpel identity (Coen and Meyerowitz, 1991) . Class D genes, specifying ovules, were later added to the ABC model (Ferrario et al., 2003) . However, the ABC genes are not sufficient for floral organ identity since ectopic expression of these genes fails to convert vegetative leaves into flower organs (Mizukami and Ma, 1992; Krizek and Meyerowitz, 1996) . This finding suggests that normal floral organ development also requires another class of floral hemeotic genes, termed class E genes (SEPALLATA1/2/3/4, or SEPs; Pelaz et al., 2000 Pelaz et al., , 2001 Ditta et al., 2004) . Different homodimers or heterodimers of A, B, C and E class proteins interact to form functional 'quartet' protein complexes that are responsible for establishing the various floral organ identities (Pelaz et al., 2000; Honma and Goto, 2001; Theissen, 2001) . A subset of plant MADS proteins contains two conserved domains, the MADS domain and the K domain (MIKC type). The latter domain is made up of three amphipathic a-helices, referred to as K1, K2 and K3. Further study showed that the first K-region helix is critical to form AP3/PISTILLATA (PI) (Kramer et al., 1998; Honma and Goto, 2001; Yang et al., 2003; Stellari et al., 2004) . Between the MADS and the K domain is an intervening region (I domain). The C-terminal of the MADS-box, the C domain, which shows much lower sequence conservation, plays a key role in forming a higher-order protein complex between dimmers (Kramer et al., 1998; Egea et al., 1999; Honma and Goto, 2001) .
The evolution of floral form has been studied quite extensively in both eudicots and monocots (Park et al., 2003 (Park et al., , 2004 Irish, 2003; Jack, 2004; Kramer and Hall, 2005) . However, many important questions concerning the origin and diversification of flowers have remained largely unanswered (Crane et al., 1995) . The construction of phylogenies is a useful approach to study the relationships between development, genes and evolution (Doyle, 1994) and, accordingly, attention has been paid to the evolution and development of floral form in basal angiosperms Irish, 1999, 2000; Kramer et al., 2003; Stellari et al., 2004; Albert et al., 2005; Kim et al., 2005; Li et al., 2005; Zahn et al., 2005) .
As a member of Piperales, Asarum caudigerum is an important paleoherb. In particular, the species has only one whorl of perianths and its floral form is very similar to the basal-most angiosperm, Amborella Irish, 1999, 2000; Stellari et al., 2004) . Therefore, it provides an unprecedented opportunity to study the origin and evolution of angiosperm flowers. In this study, the aim was to isolate floral related genes from A. caudigerum, to infer evolutionary relationships among florally expression-related genes, and to illustrate the origin and diversification of flowers in angiosperms.
MATERIALS AND METHODS
Plant materials, total RNA extraction and RNA isolation Asarum caudigerum was grown in the Botanical Garden of the Kunming Institute of Botany (Kunming City, China). Leaves at seedling stage and floral buds from an inbreeding population were collected and frozen in liquid nitrogen, and then transferred to a refrigerator in the laboratory. Total RNA was isolated from frozen leaves and floral buds using TRIZOL reagent (Shanghai Huashun Company) according to the manufacturer's protocol. The ratio of 28S : 18S RNA was about 2 : 1 to prepare total RNA. Poly(A) RNA was purified from the isolated total RNA using an Oligotex mRNA Purification Kit (Qiagen).
Construction of the cDNA library
A PCR-select cDNA Subtraction Kit (Clontech BD) was used to generate a subtractive floral cDNA library. In the forward subtraction of the suppression subtractive hybridization, 2 mg of mRNA from the floral bud was used as a tester and that from leaves as a driver. In the reverse subtraction, the tester and driver were interchanged. cDNA subtraction was performed according to the manual from Clontech. In order to evaluate the efficiency of cDNA subtraction, the conserved gene 26S rRNA of A. caudigerum was amplified in the subtracted and un-subtracted cDNA populations, respectively. The 26S rRNA sense primer was 5 0 -ACTGTCCCTGTCTACTATCC-3 0 and the anti-sense primer was 5 0 -TCAACAAGAACACCACCA-3 0 . The secondary PCR products from the forward subtraction were directly inserted into pGEM_T-easy Vector (Promega). The cDNA inserts were amplified by polymerase chain reaction (PCR; Perkin-Elmer GeneAmp PCR System 9600) using the nested PCR primer 1 and 2R provided in the PCR-selected cDNA subtraction kit, which were complementary to sequences flanking both sides of the cDNA insert. Thermo-cycling conditions were as follows: an initial denaturation at 94 C for 3 min, followed by 28 cycles of 95 C for 10 s, 68 C for 3 min, and post-heating at 72 C for 7 min.
DNA sequencing and data analysis
A total of 1920 randomly collected clones were sequenced by the Hua Da Genomic Company (Beijing, China) and a cDNA library was constructed for Asarum caudigerum. These sequences were aligned by using Clustal X (Thompson et al., 1997) . Nucleotide sequences with a similarity over 90 % were regarded as polymorphisms or repeated sequences and were then removed, out of which relatively long sequences were selected and assembled using the DNAStar program (DNAStar Inc.). To determine the function of these ESTs, nucleic acid and protein homology searches were performed using the BLASTx programs against the NCBI database (http://www.ncbi.nlm.nih.gov/ database, as of 1-10 May, 2005) . In this study, e-values less than 1e-5 with more than 100 nucleotides in the ESTs were considered significant. All homologous sequences were collected for further comparisons and analyses.
Data deposition and phylogenetic analysis
Unique ESTs reported in this paper are deposited in the NCBI EST database of GenBank with accession numbers of DV038159-DV038720 and DV075851-DV075856 (http:// www.ncbi.nlm.nih.gov/dbEST). A total of 38 putative MADS-box transcription factors isolated from A. caudigerum in this study were aligned with those closely related to B-class genes and MADS-box genes from GenBank by using Clustal X (Thompson et al., 1997) and the Alignment Exporter of MEGA version 3.0 (Kumar et al., 2004) . Maximum-parsimony (MP) trees were constructed with the pairwise deletion option and close-neighbour interchange (CNI; level = 1) with the initial tree by Random addition (ten replicates) by using MEGA3 (Kumar et al., 2004) . Genetic distances were estimated under the Tajima-Nei model. The consensus trees were constructed from 250 bootstrap replicates for the MP.
RESULTS

Suppression subtractive hybridization (SSH) and analysis of subtraction efficiency
Both of the first and second subtracted and unsubtracted PCR products were successfully subtracted (Fig. 1) . In addition, an analysis indicated that the conserved gene 26S rRNA from A. caudigerum was subtracted efficiently. For the unsubtracted cDNA library, the conserved gene 26S rRNA products could be detected after 18 cycles of amplification. However, in subtracted samples, the corresponding bands appeared ten cycles later.
Sequencing and blast results
A total of 1920 clones were sequenced, and 1426 sequences were obtained that were longer than 100 bp. These sequences were further compared with those in nucleotide and protein databases by performing BLASTx searches. Homologies that showed e-values less than 1e-5 with more than 100 nucleotides in the ESTs were considered significant. Eventually 567 unique ESTs were found. According to functional categories of the Arabidopsis proteins (http://mips.gsf.de/proj/thal/db/index.html), cDNA with protein homologies were classified into 16 groups (Fig. 2) . Of these groups, 127 genes were putatively novel genes (22.39 %). In addition, 109 genes were annotated as hypothetical or unknown proteins (19.22 %), 56 as development and metabolism proteins (9.87 %), 25 each were annotated as cellular component and cellular communication/signal transduction mechanism proteins (4.40 % in each case) and 24 as transcription proteins (4.23 %) and other proteins.
Phylogenetic reconstruction
The results indicate that 29 genes contained the diagnostic sequences characteristic of the AP3 subfamily, and the nine other genes formed two clusters with low bootstrap support. Accordingly, two phylogenetic trees were M 10 9 8 7 6 5 4 3 2 1 M 500 bp F I G . 1. The first and second of subtracted and unsubtracted PCR product. M, marker size (GeneRuler TM 100 bp DNA ladder); 1, the first PCR products of forward subtraction; 2, the first PCR products of reverse subtraction; 3, the first PCR products of forward unsubtraction; 4, the first PCR products of reverse unsubtraction; 5, the first PCR products of the control provided by the kit; 6, the second PCR products of forward subtraction; 7, the second PCR products of reverse subtraction; 8, the second PCR products of forward unsubtraction; 9, the second PCR products of reverse unsubtraction; 10, the second PCR products of the control provided by the kit. generated.
Maximum-parsimony close-neighbourinterchange (CNI) with a search of the AP3 subfamily nucleic acid alignment yielded high bootstrap support between 29 putative MADS-box transcription factors isolated from A. caudigerum and the AP3 subfamily genes, especially AP3-1 from A. europaeum. However, there was no bootstrap support with PI from A. europaeum (Fig. 3) . The bootstrap consensus tree of MADS-box transcription factors indicates that nine putative MADSbox transcription factors isolated from A. caudigerum and the others formed two clusters. The MADS-box transcription factors from A. caudigerum, Amborella and gymnosperms were grouped as one cluster with moderate bootstrap support between A. caudigerum and Amborella (78 %; Fig. 4 ).
DISCUSSION
Construction of the cDNA library
The expressed sequence tags (ESTs) reported are the first from the transcriptome of A. caudigerum, a species with an interesting phylogenetic position between the angiosperms and gymnosperms. It is noticeable that a considerable number of the genes identified are uncharacterized novel genes, or at least hypothetical proteins with unknown gene function (Fig. 2 ). Among these 567 unique genes from the subtracted floral cDNA library, up to 22.36 % failed to show significant similarity to any published sequences in GenBank, whereas 19.22 % were annotated as hypothetical or unknown proteins. 28.04 % have predicted functions, and only 31.21 % genes encode proteins with known functions. The results from suppression subtractive hybridization (SSH) and further analyses apparently indicate the high success and efficiency of subtraction for A. caudigerum in this study. In the unsubtracted cDNA library, for example, PCR products could be detected after 18 cycles of amplification. In the subtracted cDNA library, however, the corresponding bands appeared after 28 cycles of amplification for the conserved gene 26S rRNA of A. caudigerum. This indicates that the high-abundance expressed genes were dramatically reduced while low-abundance ones were rapidly increased. Because the majority of florally expression-related genes are low-abundance-expressed, SSH has been proven a useful method to isolate the florally expression-related genes (Hu et al., 2003) . However, it should be pointed out that, like other PCR-based methods, SSH may produce false positives when it is applied to isolating subtracted expressed genes. Therefore, a combination of SSH and cDNA microarray can be a complementary way to identify subtracted expressed genes (Yang et al., 1999) .
The evolution of the MADS-box transcription genes
Basal angiosperms are very important for studying the origin, diversification and evolution of angiosperms. It has long been demonstrated that MADS-box transcription factors are critical in the network of flower development (Theissen et al., 2000; Theissen, 2001; Irish, 2003; Litt and Irish, 2003; Nam et al., 2003) . So far, about 107 MADS-box transcription genes have been characterized in Arabidopsis thaliana and 71 in Oryza sativa (Riechmann et al., 2000; Albert et al., 2005; Goff et al., 2002) . In the cDNA library we constructed, a total of 38 putative MADS-box transcription factors were isolated from A. caudigerum. Of them, 29 showed strong bootstrap support with AP3-1 from A. europaeum. As a member of Piperales, phylogenetic analysis clearly suggested that this species is located at a basal position of angiosperms (Angiosperm Phylogeny Group, 2003; Stellari et al., 2004) . Our results indicate that the 29 putative MADSbox transcription factors isolated from A. caudigerum were members of the AP3 subfamily. AP3 is the B-class of homeotic genes that control petaloid organ identity. Bclass homeotic genes are conserved in the high eudicots, but they may not be conserved in the basal angiosperms (Kramer and Irish, 2000; Kramer et al., 2003) . In the higher eudicots, the B-class genes, which are represented by homologues of the A. thaliana AP3 and PI genes-the products of AP3 and PI homologues-form heterodimers to control petal and stamen identification in the second and third whorls (Kramer and Irish, 2000) . In the eudicots, the first a-helices of the K-domain are key in forming AP3/PI heterodimers, whose positions 118 and 113 are AP3 and PI homologs, respectively (Kramer et al., 1998; Honma and Goto, 2001; Yang et al., 2003; Stellari et al., 2004) . But in the majority of magnoliid and ANITA clades, AP3 homologs encode amino acids both at positions of 113 and 118 to function as homodimers (Yang et al., 2003) . In our study, there was a high bootstrap support between putative MADSbox transcription factors we isolated from A. caudigerum and AP3 from A. europaeum, while no bootstrap support was obtained for PI from A. europaeum. Phylogenetic analysis of AP3-and PI-related genes indicates that AP3/PI duplication occurred after the last common ancestor of angiosperms and gymnosperms (Kramer et al., 1998; Stellari et al., 2004) . As a final remark, A. caudigerum showed a very similar floral structure to Amborella, whose position is at the very base of the angiosperms Irish, 1999, 2000; Angiosperm Phylogeny Group, 2003; Stellari et al., 2004) . Hence the genus Asarum has long been used for performing phylogenetic reconstruction and studying the origin and evolution of angiosperm flowers. Using parsimony analysis, our results indicate that the MADS-box transcription factors can be grouped into two major clusters. One cluster included members of MADS-box transcription subfamily from A. caudigerum, Amborella and the gymnosperms, with moderate bootstrap support between A. caudigerum and Amborella. It suggests that the origin of A. caudigerum may be in the split between the angiosperms and gymnosperms. Another cluster included the members of MADS-box transcription subfamily that are homologous to those from Magnoliales, educots and monocots. Increasing evidence suggests that functional genes that are responsible for flower development may be homologous to each other (Yang et al., 2003; Stellari et al., 2004) . Hence our on-going efforts are aimed at characterizing several closely related novel floral genes that may be associated with possible function in the flower development of A. caudigerum in order to gain a deeper insight into the origin and evolution of angiosperm flowers.
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